The collective dynamics for longitudinal and transverse phonon modes and elastic properties are studied for bulk metallic glasses (BMGs) using Hubbard-Beeby approach along with our well establishes model potential. The important ingredients in the present study are the pair-potential and local field correlation function. The local field correlation functions due to Hartree (H), Taylor 
Introduction
Bulk metallic glass-forming liquids are alloys with typically three to five metallic components that have large atomic size mismatch and a composition close to a deep eutectic [1] . Metallic glasses have regained considerable interest due to the fact that new glass forming composition have been found that have a critical cooling rate of less than 100 K s À1 and can be made glassy with dimensions of 1 cm or more. The development of such alloys with a very high resistance to crystallization of the under cooled melt has opened new opportunities for the primary study
The effective ion-ion interaction is given as
where F(q) is the characteristic energy wave number. The first and second terms in the above expression are due to the coulomb interaction between ion and indirect interaction through the conduction electrons, respectively; q is the q-space wave vector, e is the charge of an electron.
In the present study, we have considered the effective atom approach to compute the phonon dispersion curve (PDC). For the present study, we have used the Jani et al. [19] [20] [21] model potential in q-space is given as, 
The characteristic feature of this model potential is the single parametric nature. r eff c is the potential parameter. This determination of parameter is independent of any fitting procedure with the observed quantities. The energy wave number characteristics in expression (1) are given by [21] [22] [23] [24] [25] 
Here W eff B q ðÞis the effective bare ion potential, ε eff H q ðÞ is the Hartree dielectric response function and f eff q ðÞis the local field correction function (LFCF) due to the Hartree (H) [13] , Taylor (T) [14] , Ichimaru-Utsumi (IU) [15] , Farid et al. (F) [16] and Sarkar et al. (S) [17] are used here to include the effect of screening on the collective modes of bulk metallic glasses Zr-Ti-Cu-Ni-Be BMG for five different concentration, Zr-Cu-Ni-Al-Ta BMG, Zr-Ti-Cu-Ni-Al BMG and Zr-Al--Ni-Cu BMG for three different concentration. Long-wavelength limits of the phonon modes are then used to investigate the elastic properties, viz. longitudinal sound velocity, transverse sound velocity, Debye temperature, isothermal bulk modulus, modulus of rigidity, Poisson's ratio and Young's modulus. Five different types of LFCF are employed here for the study of the effect of exchange and correlation on the aforesaid properties. Pair potential or effective interaction is realized through interatomic potential, ion-ion potential and electron-electron potential developed between two similar particles like atoms, ion and electrons. The paircorrelation function g(r) is equally important as the pair potential. It contains useful information about the inter particle radial correlation and structure which in turn decides the electrical thermodynamically and amorphous materials.
The effective potential and pair correlation function gr ðÞare the used to calculate the longitudinal and transverse phonon frequencies. The product of the static pair-correlation function gr ðÞand the second derivative of the interatomic potential V } eff r ðÞare peaked at σ, which is the hard sphere diameter. The longitudinal phonon frequency ω l (q) and transverse phonon frequency ω t (q) are given by the expression due to Hubbard and Beeby (HB). 
where
and gr ðÞ¼exp ÀV 00 eff r ðÞ
Here, r is the number density, M is the atomic mass, g(r) is the pair correlation function, Ω 0 is the atomic volume, F(q) and S(q) be the energy wave number characteristic and the structure factor of the element, respectively.
In the long-wavelength limit, the phonon dispersion curve shows an elastic behavior. Hence, the longitudinal ν l and transverse ν t sound velocities are also calculated by [22] [23] [24] [25] ω L α q and
Various elastic properties are determined by the longitudinal and transverse phonon frequencies.
The bulk modulus B, Poisson's ratio 'ξ', modulus of rigidity G, Young's modulus Y and the Debye temperature θ D are calculated using the expression below [22] [23] [24] [25] 
r is the isotropic density of the solid,
and
where 'h' is Plank constant and k B is the Boltzmann constant.
Results and discussion
The input parameters and constants used in the present computation are shown in Table 1 . No experimental data of structure factor for these BMGs are available. In the long wavelength limit, the frequencies are elastic and allow us to computed elastic constants. screening functions, but magnitude of both the longitudinal and transverse frequencies show deviation with respect to screening function. From the Figures 2-6 that the oscillations are prominent in the longitudinal mode as compared to transverse mode, which indicates that the collective excitations at larger wave vector transfer due to the dispersion of longitudinal excitation. The maximum and minimum percentile deviation for the elastic properties of bulk modulus, modulus of rigidity, Young modulus and Debye temperature with respect to the experimental data from Tables 2-4. For bulk modulus, the computed percentile maximum . It is observed that the depth of the pair potential obtained using model potential is highly affected. This depth affects the height and peak of the pair correlation functions. This pair potential is helping to compute phonon frequencies of longitudinal and transverse branch and it is shown in Figure 6 (b). No experimental data and other available data are found for comparison for sound velocities. So, we do not put any concert comment on sound velocity at this point.
The absence of experimental data and other information on elastic properties like bulk modulus, Poisson ratio and Debye temperature, so that, present results are compared with calculated values and other available results [5] . From the Figure 7 (a) using present model potentials. In this case, the computed pair potential is affected by type of screening used. The pair potential computed using model potential shows first positive minimum. The depth of this minimum is affected by type of screening used and almost at the r value where pair potential shows a positive minimum. The computed pair potential is greatly affected by model potential. On the other hand, the transverse modes undergo larger thermal modulation due to the anharmonicity of the vibrations in the BMGs. In the long wavelength limit, the dispersion curves are linear and confirming characteristics of elastic waves. The PDC for transverse phonons attain maxima at a higher q value than the longitudinal phonon curve. At present calculated elastic properties for Zr 57 Ti 5 Cu 20 Ni 8 Al 10 BMG are listed in Table 8 . From Table 8 , one can see that by using the T, IU and F screening functions, the results are very close to one another as compared to the H screening function. Modulus of rigidity 'G', Young modulus 'Y' and Debye temperature is showing the better agreement with experimental values [5, 6] computed using the T, IU and F screening while obtains due to H and S show the underestimate values than the experimental and other available data. We are sure that this data is very useful for the further investigation. From Figures 8(a), 9 (a) and 10(a) it is observed that the study reveals the general trends of the pair potential in all cases, suggesting that the position of the first minimum depth in the pair potential in the present study is obtained due to F screening function.
Using this pair potential it has been computed the longitudinal and transverse phonon frequency for Zr 61. Figures 8(b) , 9(b) and 10(b) respectively. Phonon mode graphs show that the nature of peak position is not much affected by different type of screening functions. The longitudinal and transverse frequencies show deviation for H, T and S functions with respect to F screening for Zr-Al-Ni-Cu BMG systems. It is obvious from the figures that the oscillations are protruding in the longitudinal mode as compared to transverse mode, which indicates that collective excitations at larger wave vector transfer due to the dispersion of longitudinal excitation. The influence of the results of phonon frequencies is clearly observed on the elastic constants, as we have calculated these elastic constants from the long wavelength limit of phonon frequencies.
From the Tables 9-11 it is observed that sound velocity computed using present model potential along with T, IU and F functions are found to be very close to one another and calculated sound velocities using F screening function shows a good agreement with available data [4] [5] [6] . Computed bulk modulus using model potential along with all local field correction functions is underestimated as compared to the experimental [4] and other available data [5, 6] . Presently computed percentile deviation for modulus of rigidity with respect to available data. The maximum deviation is found in F screening function, the values are 25. [6] . On the other hand, the calculated values of Young's modulus and Debye temperature using model potential along with T, IU and F screening functions are found very close to each other and good agreement with the other theoretical data for Zr-Al-Ni-Cu BMG system.
Conclusion
The dispersion of longitudinal phonon shows oscillatory behavior for the large q values while lack of thereof in the transverse phonons. The transverse phonon frequencies increase with wave number and get saturated at the first peak of ω T ! q curves with small variations. The ω ! q curve for the transverse phonons achieves maxima at a higher q value than the longitudinal phonon curve. The peak heights of the longitudinal as well as transverse phonon frequencies of these BMGs are nearly the same. Thus, the dispersion curves of these BMGs are found to be similar. 
Phonons in Low Dimensional Structures
It is apparent from the ω L ! qcurvesoftheglassymaterialsthatthey are screening sensitive in the low-momentum region. The difference in ω ! q relation begins right from the starting value of q and it'sbecomesmaximumatthefirstpeakoftheω L ! q curve, again, it tends to decrease and both ω L ! q relations seem to converge at the first minima of the ω L ! q curve. The position of the first peak is independent of the screening functions. However, the height of the peak strongly depends on the type of screening employed in the present calculations. The phonon dispersion curve for the Zr-based bulk metallic glasses computed using the IU and F function give higher numerical values than other local field correction functions. Using H-function give the lowest values for the Zr-base bulk metallic glasses. Agarwal has done the longitudinal and transverse modes for the Zr-Ti-Cu-NiBe for three different concentrations using the BS-Method. When compared with our present approach, it is found that model potential gives underestimated results.
Presently calculated elastic properties for BMGs are listed in Tables 2-11 .Itisobservedthatthe computed elastic properties using model potential are in excellent agreement with experimental and other available theoretical data. Among the five different screening functions T, IU and F functions show good agreement for present model potential. While due to H screening function than the other LFCF and computed values using S lying between the F and H screening function. For Zr-Ti-Cu-Ni-Be, Zr-Cu-Ni-Al-Ta, Zr-Ti-Cu-Ni-Al and Zr-Al-Ni-Al BMGs at different concentrations computed using model potential, it is observed that ν l and ν t , Young modulus, modulus rigidity, Debye temperature using the T, IU, F and S local field correction functions show the very good agreement with experimental and other available data. The Zr-based BMGs are observed that the present results obtained due to T, IU and F screening functions are in good agreement with available with other data. Present study clearly reveals that proper description of local field correction function is required for the study of phonon modes of bulk metallic glasses.
Overall, we stated that the phonon dispersion curve generated from the HB approach reproduces satisfactorily the general characteristic of dispersion curves. The well recognized Model potential along with IU, Farid et al.
[F] and Sarkar-Sen et al.
[S] local field correction functions generates consistent results. Hence, our Model-1 potential is suitable for the studying the phonon dynamics of bulk metallic glasses.
